Abstract-This paper deals with dynamic behavior of a 21-level (line-to-line) BTB system based on series connection of sixteen converter-cells under a single-line-to-ground (SLG) fault condition. When the SLG fault happens, an imbalance in the supply voltage brings an amount of negative-sequence current to the BTB system. The negative-sequence current should be mitigated because it would result in an increased supply current and a dc-capacitor voltage fluctuation. This paper proposes a new control method intended for reducing both negative-sequence current and dc-voltage fluctuation to acceptable levels. A laboratory system rated at 200 V and 20 kW confirms the validity of the control method. In addition, this paper addresses the issue of magnetic saturation in the 16 three-phase transformers.
I. I
The emergence of high-power semiconductor devices such as GCTs and IGBTs/IEGTs has spurred interest in utility applications such as large-capacity self-commutated STATCOM (STATic synchronous COMpensator), HVDC (High-Voltage Direct-Current), and BTB (Back-To-Back) systems [1] - [7] . Self-commutated BTB systems have an attractive feature of reliable and continuous operation, and ride-through capability of power line disturbances such as single-line-to-ground (SLG) and double-line-to-ground (DLG) faults [8] . A BTB system rated at 66-kV and 37.5-MW was designed and built up by the authors of [9] . The system consisting of a set of ninepulse four-series PWM converters has succeeded in achieving continuous operation during the SLG fault.
Recently, many scientists and engineers of power systems and power electronics have been involved in the dynamic behavior of self-commutated converters during an SLG fault [10] - [14] . When the SLG fault occurs, an amount of negativesequence current is superimposed on the ac supply current as a 50-Hz frequency component. The negative-sequence current brought by the fault should be attenuated, since it would be accompanied by a second-order component in the dc-capacitor voltage as well as an increase in the supply current [10] [11] .
Reference [11] has attempted to reduce the negativesequence current by applying a current feedback control. This method is characterized by introducing two d-q reference frames for separately extracting positive-and negativesequence currents. However, the effect of reduction seems to be insufficient due to a considerable time delay accompanying the calculation process of extraction. Reference [14] employs a voltage feedforward control with a current feedback control. This method is characterized by reflecting instantaneous ac supply voltage vectors to ac voltage vectors produced by the BTB system [15] . It succeeds in reducing both negativesequence current and second-order component in the dccapacitor voltage. However, the reduction was insufficient due to a time delay of one sampling period inherent in the digital controller.
The authors of this paper have dealt with a 21-level (lineto-line) self-commutated BTB system rated at 100-MW for the purpose of power flow control between transmission networks [16] - [18] . It is characterized by introducing phase-shift control instead of PWM control, making the system efficient. Reference [18] has provided experimental verification of the BTB system, with focus on system configuration, control strategy, and operating performance under a normal operating condition. A laboratory system rated at 200-V and 20-kW was designed and built up to confirm the validity of both computer simulation and theoretical analysis carried out in the previous papers. Experimental results obtained from the laboratory system have shown that the BTB system has capability of achieving independent control of active and reactive powers with a control response as fast as 3 ms. This paper discusses the dynamic behavior of the 21-level non-PWM self-commutated BTB system under an SLG fault condition. Theoretical analysis reveals a relationship between a time delay equal to one sampling period and the negative-sequence current remaining in the supply current. Moreover, a new control method is introduced to reduce the negative-sequence current. The method is characterized by compensating for the time delay as well as by reflecting instantaneous ac supply voltage vectors to ac BTB voltage vectors. Experimental results obtained by the 200-V, 20-kW laboratory system have verified the viability of the method. This paper also addresses the issue of magnetic saturation in the transformers.
II. C C  O P
A. System Configuration of the BTB System Fig. 1 shows a circuit configuration of a 21-level BTB system. The BTB system consists of two sets of 16 three- phase voltage-source converter-cells and 16 three-phase transformers, and a common dc-capacitor. The BTB system based on phase-shift control is characterized by producing 21-level three-phase line-to-line voltages at both ac sides. It uses totally 192 power semiconductor devices capable of achieving gate commutation. These features would result in flexible power flow control, as well as less switching loss, less EMI (electromagnetic interference) emission, and no harmonic filter at both ac sides. Fig. 2 shows connections of the sixteen three-phase transformers. Each of the sixteen transformers has Y-or ∆-connected windings in the primary, which are separated phase by phase, while it has ∆-connected windings in the secondary, which are directly connected to the ac terminals of each converter-cell. The ac terminals of converter-cells numbered 1-8 are connected to the secondary of eight Y−∆ transformers, while the ac terminals of converter-cells numbered 9-16 are connected to the secondary of eight ∆ − ∆ transformers. These three-phase transformers play an important role in reducing voltage and current harmonics produced by the BTB system.
It is reasonable to consider the sixteen series-connected converter-cells as a series connection of a set of eight converter-cells numbered 1-4 and 9-12 and a set of eight converter-cells numbered 5-8 and 13-16. In this paper, a cluster of eight converter-cells connected in series and their corresponding eight three-phase transformers is referred to as an "octa-series converter," while a cluster of the two octa-series converters plus their corresponding sixteen threephase transformers is referred to as a "BTB converter." The combination of the common dc capacitor and a set of two BTB converters is referred to as the "BTB system."
Each BTB converter has the capability of controlling both the amplitude and the phase of the ac voltages, v 1 and v 2 , thus making it possible to control active and reactive power independently under a constant dc-capacitor voltage. Fig. 3 shows instantaneous ac voltage vectors of the two octa-series 
. System configuration used for experiment.
B. System Configuration used for Experiment
Fig . 4 shows a system configuration used for experiment. Table I summarizes specifications of a 200-V, 20-kW laboratory system. Each BTB converter is connected to a common supply-voltage terminals (3φ, 200 V, 50 Hz) via an ac-link inductor L 0 . Note that a voltage-sag generator is connected between the common supply-voltage terminals and the right BTB converter as shown in Fig. 4 . The sag generator for the purpose of realizing SLG-fault conditions consists of a three-phase auto-transformer and two ac switches using four IGBTs [19] . During the SLG fault, an amplitude of v 2S u is lower than that of v 1S u . When power flow occurs from left to right in Fig. 4 , the left BTB converter acts as a "rectifier," while the right BTB converter as an "inverter." Each BTB converter achieves decoupled current control and phase shift calculation, and the BTB system has a common dc-capacitor voltage regulator, as shown in Fig. 4 .
In Fig. 4 , the instantaneous active power p 2 and the instantaneous reactive power q 2 can be represented as:
(1)
where v 2S is an ac supply voltage and i 2 is an ac supply current of the inverter side [20] . [16] , the following equations exist between the actual current and its commands:
Here, a relation of T = L/K I exists between a time constant T and a feedback gain K I in the current control. Note that L consists of an ac-link inductor L 0 and a leakage inductor of the transformers, l. Equations (3) and (4) imply that i 2d and i 2q exhibit a first-order response to a step change in their commands i * 2d and i * 2q with the time constant T . The selection of T strongly depends on a sampling period of the digital controller, T S . The BTB converter in Fig. 4 can be regarded as a 48-pulse converter that changes its threephase ac voltage 48 times in one supply cycle (=20 ms). As a consequence, the equivalent switching frequency can be 2.4 kHz (= 50
Hz × 48). This means that T S is 400 µs (= 1/2.4 kHz ). Note that the sampling period T S causes a sampling delay to the system, while the sampling delay is equal to the sampling period. Therefore, T should be set to be much larger than T S in order to reduce the effect of the sampling delay. The experimental system, thus, assigned T to 3 ms, that is eight times larger than T S .
The dc-capacitor voltage regulator in Fig. 4 has a function of regulating the dc-capacitor voltage v C by means of controlling an additional amount of active power flowing from either the rectifier side or the inverter side.
III. N-S C   SLG F

A. Experimental Conditions
Figs. 6 to 9 show experimental waveforms obtained from the 200-V, 20-kW laboratory system operated at p * = 10 kW and q * = 0. Individual electric variables in these figures correspond to those in Fig. 4 . The experiments were carried out as follows: During a normal operation at p * = 10 kW and q * = 0, a single-line-to-ground (SLG) fault with a voltage depth of 40% suddenly occurred in the u-phase supply voltage at the inverter side, and it lasted for a time interval of 110 ms. Finally, the u-phase voltage was restored to the normal value. This means that the rms value of v 2S u was reduced from 115 V to 70 V with the help of a specially-designed voltage-sag generator. 
SLG Fault 50 ms Fig. 6 . Experimental waveforms at p * = 10 kW, q * = 0 and A = 0.4 when (7) was applied to the control system.
B. Active Cancellation of Negative-Sequence Voltage
When the SLG fault happens, an imbalance of the invertersupply voltage results in a negative-sequence voltage. Fig. 5 shows an ac equivalent circuit on the inverter side in Fig. 4 under the SLG fault. The d-axis component of the negativesequence voltage, v 2S d n is represented as a 100-Hz ac component present in v 2S d . It can be expressed as follows: 
Since i 2d n is determined by v d n and a circuit impedance in 
C. Control Method Based on Current Feedback Control
The first control method is based on a current feedback control. The d-axis and q-axis voltage commands, v * 2d and v * 2q are given by
Note that this control method assumes the supply voltage v 2S as v 2S d = V S and v 2S q = 0. Here, the third term of the right hand in (7) makes a contribution to reducing the negativesequence voltage. Fig. 6 shows experimental waveforms at p * = 10 kW, q * = 0, and A = 0.4 when the control method based on (7) was applied to the current controller in Fig. 4 . Experimental waveforms indicate that each of i 2d and i 2q contains a non-negligible amount of negative-sequence current seen as a 100-Hz component. The waveform of i 2u in Fig. 6 shows that the negative-sequence current superimposed on i 2u amounted to 40% of the rated current (−60 A). Fig. 7 show waveforms of v 2S d , v 2d and v d n when (7) was applied to the control system. Experimental waveforms show that the difference between v 2S d and v 2d makes a major contribution to v d n . These results imply that the control method based on (7) is not effective in reducing both v d n and i 2d n .
The first term in the right-hand side of (1) is much larger than the second term even during the fault, and therefore the waveform of p 2 looks similar to that of i 2d in Fig. 6 . This implies that p 2 contains a considerable 100-Hz component, like i 2d . The 100-Hz component included in p 2 brings a 100-Hz fluctuation to v C , as shown in the waveform in Fig. 6 .
D. Control Method Combined with Voltage Feedforward Control
The second control method combines a voltage feedforward control with the current feedback control [15] . 
SLG Fault 50 ms 
Here, the instantaneous supply voltages, v 2S d and v 2S q , are utilized to reflect their values to v * 2d and v * 2q as shown in (8) . The first term in the right-hand plays an important role in achieving active cancellation of the negative-sequence voltage v 2S d n . Fig. 8 shows experimental waveforms at p * = 10 kW, q * = 0, and A = 0.4 when (8) was applied to the current controller in Fig. 4 . Comparison of Fig. 8 with Fig. 6 reveals that a significant reduction can be achieved in terms of the 100-Hz components included in i 2d and i 2q . As a consequence, the negative-sequence current superimposed on i 2u is suppressed to 10% of the rated current (−60 A). The reduction of both v d n and i 2d n is, however, insufficient due to a sampling delay of one sampling period inherent in the degital controller, bringing a considerable 100-Hz component to q 2 . where v 2d n stands for the negative-sequence voltage included in v 2d . Substituting (5) and (9) into (6) produces v d n . The reasonable approximation of ωτ 1 makes it possible to simplify v d n as:
The negative-sequence current i 2d n is determined by v d n and the circuit impedance Z(= jωL). Making reference to (10) gives an amplitude of i 2d n , I 2d n as:
Equations (10) and (11) indicate that v d n and I 2d n are proportional to τ and A, thus leading to reducing τ. The time difference τ is determined by the sampling period of the digital controller, T S . Note that the sampling period is equal to the sampling delay. It can be represented as a function of T S as (See the appendix):
Equation (12) indicates that τ is a half of T S . Substituting the relation of T S = 400 µs into (12) yields τ = 200 µs. This agrees well with τ = 250 µs obtained from Fig. 9 . Equation (12) implies that applying the PWM control brings a reduction in T S because the value of T S is inverse-proportional to the switching frequency. However, a higher switching frequency also causes an unacceptable loss to the system.
IV. N C M C  C  
T D For the purpose of attaining a satisfactory reduction in v d n and i 2d n , this paper introduces a new control method that has a capability of canceling out the effect of T S . The d-axis and q-axis voltage commands, v * 2d and v * 2q are given by v * 2d 
The following equation exists between v 2d n and v * 2d n due to the existence of T S :
Substituting (5) into (15), along with a reasonable approximation of 2ωT S 1, produces:
From (6) and (16), the following relations can be obtained: This means that the control method based on (13) has the capability of achieving a satisfactory reduction in v d n . Fig. 11 shows experimental waveforms at p * = 10 kW, q * = 0, and A = 0.4 when (13) was applied to the current controller in Fig. 4 . It is clear that the 100-Hz components included in i 2d and i 2q was attenuated significantly since the relation of i d n (t) = 0 exists. As a consequence, the amplitude of i 2u during the fault was almost the same as that under the normal operating condition. Moreover, careful comparison between Figs. 6 and 11 reveals that almost no dc-capacitor voltage fluctuation occurred even during the fault. These experimental results indicate that the control method based on (13) is effective in reducing both the negative-sequence current in the supply current and the dc-capacitor voltage fluctuation in the BTB system. 
SLG Fault 50 ms Fig. 11 . Experimental waveforms at p * = 10 kW, q * = 0 and A = 0.4 when (13) was applied to the control system.
V. M S  T
This section focuses on magnetic saturation that occurs in the transformers of Fig. 2 . Fig. 12 shows experimental waveforms of v S uv , v 15uv , and i 15u before, during and after the SLG fault. Note that v 15uv is the line-to-line ac voltage of Con. 15, and i 15u the u-phase current flowing into Con. 15 via the corresponding three-phase transformer with ∆ − ∆ connected windings. Since the voltage ratio of the transformer is equal to 14 as shown in Table I , the rms value of i 15u under the normal operation at p * = 10 kW is 2 A(= 30 A /14). During the SLG fault, i 15u was far from a sinusoidal waveform in Fig. 12 because it included an excessive magnetizing current. This implies that the emergence of the magnetic saturation induced a great deal of magnetizing current in i 15u . Let the supply current be i S . The magnetizing current i 15m can be represented as:
The linkage flux of the transformer connected to Con. 15, φ 15uv can be represented with the help of the Faraday's law as:
Here, N 2 is the secondary turn of the transformer, R is the resistance of the winding, and i 15 is the transformer current including i 15m . Equation (19) indicates that a voltage sag results in magnetic saturation [21] . Since the voltage command includes v 2S (striclty speaking, v 2S d and v 2S q ) as shown in (13) in v 2S strongly affects the waveform of v 15uv in terms of t P and t N in Fig. 12 . Here, t P is the time interval during v 15uv = 260 V, while t P is the time interval during v 15uv = −260 V. Carefully looking into Fig. 12 reveals that an inequality of t P < t N exists just after the occurrence of the fault. From (19) , this inequality brought a dc magnetic deviation to φ 15uv as well as an increase to i 15m . Fig. 13 shows experimental waveform of the magnetizing current i 15m , calculated from (18) , as a parameter of the voltage depth A. This indicates that the peak value of i 15m increases with the value of A. Moreover, the peak value of i 15m in the 40% voltage depth amounts to 12 A. The value is three times larger than the converter current rating of 4 A.
In general, there exist the following solutions to the magnetic saturation. One is to introduce the current feedback control intended for eliminating a dc component from i 15m . This method is effective in mitigating an unexpected dc voltage stemming from converter-cells. Fig. 13 indicates that magnetic saturation occurred within one cycle of 20 ms after the occurrence or the restoration of the fault. This implies that the BTB has to control i 15m as fast as 5 ms. However, it would be impossible to do it from the practical point of view because each converter-cell has a switching frequency of 50 Hz.
The other feasible solution is to realize such an appropriate design of the saturation flux φ s as to be lower than φ s . This design, however, makes the transformers bulky, heavy and costly although no magnetic saturation occurs in the transformers. A tradeoff exists between the cost of the transformers and the capability of riding through voltage sags.
VI. C
This paper has dealt with the dynamic behavior of a 21-level self-commutated BTB system based of series connection of 16 converter-cells under a single-line-to-ground fault condition. A control method for the purpose of attenuating the negativesequence voltage/current during the fault has been proposed and developed. Moreover, the relationship between the voltage depth and the magnetic saturation has also discussed from the theoretical point of view. A 200-V, 20-kW laboratory system has confirmed the validity of the proposed system and the theory developed in this paper.
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